2,5-Dimercapto-1,3,4-thiadiazol (DMTD) can bind on the surface of a gold electrode through the strong gold-sulfur interaction. The fabrication and electrochemical characteristics of the DMTD self-assembled monolayer (SAM)-modified gold electrode were investigated. The DMTD SAM electrode exhibited a significantly increased sensitivity. Cu(II) was accumulated in phosphate buffer (pH 4.6) at a potential of -0.6 V (vs. Ag/AgCl) for 40 s and then determined by anodic stripping voltammetry (ASV) in copper-free phosphate buffer (pH 5.0). The effects of various parameters, such as the pH values of the preconcentration solution and measurement solution, the accumulation potential, and the accumulation time, were investigated. Under the optimum conditions, a linear calibration graph was obtained in the concentration range of 8.0 × 10 -6 to 8.0 × 10 -5 mol l -1 with a correlation coefficient of 0.9978. The relative standard deviations for eight successive determinations were 4.3 and 2.9% for 1.0 × 10 -5 and 2.0 × 10 -5 mol l -1 Cu(II), respectively. The detection limit (three times signal to noise) was 4.0 × 10 -7 mol l -1 . The proposed voltammetric method was utilized successfully to detect the concentration of Cu(II) ions in tap water samples.
Introduction
Copper is one of the most common trace heavy metals and is an essential micronutrient, present in at least 30 enzymes. 1 In humans, copper is the third most abundant trace element, following iron and zinc, and its presence is fundamental in many metabolic processes. It is relatively non-toxic to mammals, but the intake of large quantities can be toxic. The toxicity is generally attributed to the aquo-complexed "free" copper(II) ion rather than to its organic or inorganic complex. 2 Sources of copper poisoning include beverages from vending machines, copper or brass vessels, and sometimes water supplies. 3 Thus, the development of simple, reliable, and lowcost techniques for copper determination is essential.
Several methods for the determination of copper are available, including inductively coupled plasma-mass spectrometry, neutron activation analysis, atomic absorption spectrometry, ion-selective electrodes, and emission spectrometry. However, most of them require several time-consuming manipulation steps, sophisticated instruments and special training. 4, 5 A common method for the determination of copper is anodic stripping voltammetry (ASV). 6, 7 The design of electrodes with controllable surface properties can be effectively achieved by employing self-assembled monolayers (SAMs), 8 which have become one of the most popular techniques to create welldefined functional surfaces. 9 SAM electrodes are very promising for the construction of electrochemical sensors because they can enhance the selectivity and sensitivity, improve the response time, and decrease the overpotential of the redox process of analytes, while exhibiting good stability. [10] [11] [12] Based on such prominent properties, the application of SAMs to the estimation of copper has been investigated. Rubinstein reported that a mixed functionalized SAM recognized selectively Cu(II) ions in the presence of other ions. 13 Stora et al. developed a new impedance spectroscopy method to detect trace copper ions using self-assembled nitrilotriacetic acidmodified thioalkane monolayers. 14 Shen et al. used a SAMmodified gold electrode to minimize the underpotential deposition effect during the stripping analysis of lead and copper. 15 Bontidean et al. reported the use of a protein immobilized in a mercaptosuccinic acid self-assembled electrode to analysis of the copper in aqueous solution. 16 Arrigan et al. have reported a cysteine monolayer-coated gold electrode for the determination of copper, which allowed a detection of Cu(II) down to 10 -7 mol l -1 . 17 Liu et al. have demonstrated the application of cysteine monolayers for the electrochemical determination of Cu(II). 18 Yang et al. also reported a electrochemical determination of Cu(II) employing Osteryoung square wave voltammetry at a cysteine monolayercoated gold electrode. 19 Zeng et al. assembled a mixed monolayer of glutathione and 3-mercaptopropionic acid on gold surface, which showed highly selective response to Cu(II) and had a much better effect on the determination of Cu(II). 20 Herzog et al. reported a direct comparison of two disorganized monolayer films (2-mercaptoethane sulfonate and mercaptoacetic acid) on a gold surface as regards selectively recognizing Cu(II) ions. 21 Freire et al. reported a gold electrode modified with a SAM of 3-mercaptopropionic acid as a highly sensitive voltammetric sensor for copper ions. 22 In this paper, DMTD as a modified agent was used to fabricate the DMTD SAM by the Au-S bond on the gold surface. The DMTD SAM was characterized with complex impedance analysis and cyclic voltammetry. In our experiment, we found that the DMTD SAM electrode exhibited selective voltammetric response to Cu(II).
Based on this, an electrochemical sensor of copper has been developed by using ASV.
Experimental
Reagents 2,5-Dimercapto-1,3,4-thiadiazol (DMTD) solution (0.01 mol l -1 ) was prepared by dissolving 0.0375 g of DMTD (Sigma) in absolute ethanol and diluting to the mark in a 25 ml calibrated flask. A stock solution (5.8 × 10 -3 mol l -1 ) of Cu(II) was prepared using doubly distilled water and the working solution for voltammetric investigation was prepared by diluting the stock solution with doubly distilled water. A phosphate buffer was used to control the pH. All other chemicals were of analytical-reagent grade and were used without further purification. Doubly distilled water was used throughout. All the experiments were carried out at room temperature (approx. 25˚C).
Instruments
Electrochemical measurements were carried out on a CHI 440 (CH Instruments, US).
Electrochemical impedance measurement was carried out on a Model IM 6e (Zahner Elektrik Co., Germany). A three-electrode system used in the measurements consists of a gold electrode (d = 2 mm) or a DMTD SAM electrode as the working electrode, Pt as the counter electrode, and a Ag/AgCl electrode as the reference electrode. All potentials were given with respect to the Ag/AgCl electrode.
Preparation of DMTD SAM electrode
A bare gold electrode was polished to a mirror-like surface with 0.3 μm Al2O3 powder and then with 0.05 μm Al2O3 powder. The polished electrode was immersed in Piranha solution (a mixed solution of 30% H2O2 and concentrated H2SO4, volume ratio 1:3), then rinsed ultrasonically with water and absolute ethanol for 3 min. This electrode was voltammetrically cycled in 0.1 mol l -1 H2SO4 until a stable cyclic voltammogram was obtained. The potential range is between 0.4 V and 1.2 V. After being washed with sonication, the electrode was immersed in an ethanol solution of 1.0 × 10 -2 mol l -1 DMTD for approximately 12 h at room temperature. Upon removal from the DMTD solution, the electrode was thoroughly rinsed with absolute ethanol to remove the physically adsorbed species. The DMTD SAM at the gold electrode was then prepared.
Determination of Cu(II)
A 10-ml volume of solution containing an appropriate concentration of Cu(II) and phosphate buffer (pH 4.6) was transferred into an electrochemical cell. A stirrer was switched on. The accumulation potential (-0.6 V) was applied to the DMTD SAM electrode for 40 s. At the end of accumulation, the stirrer was switched off. The determination step was performed in a copper-free phosphate buffer solution (pH 5.0) employing stripping voltammetry with a scan rate of 50 mV s -1 .
The peak height was measured at 0.26 V. After each electrochemical measurement, the electrode was scanned for five times from -0.6 V to 0.2 V by electrocycling scan in a pH 4.6 phosphate buffer solution to clean away the previous deposits.
Results and Discussion

Characterization of the DMTD SAM in a Fe(CN)6 3-solution
The redox behavior of a reversible couple can be used to probe the packing structure of the monolayer. 23 Figure 1 shows the cyclic voltammograms of the bare gold electrode and the DMTD SAM electrode in 1.0 × 10 -3 mol l -1 K3[Fe(CN)6] solution containing 0.1 mol l -1 KCl. For the bare gold electrode, a couple of well-defined waves of Fe(CN)6 3-/Fe(CN)6 4-appeared; the separation between two peaks was 60 mV. However, it can be seen that the peak current was decreased and the ΔEp, the difference between the anodic and cathodic peak potentials, was increased for the DMTD SAM electrode. The large ΔEp is one piece of evidence for the blocking effect of probing species by the monolayer barrier. 24 As can be seen, the DMTD SAM significantly impedes the electron transfer rate. Because DMTD is a five-membered ring mercaptan molecule, there are some pinhole defects and collapsed sites in the DMTD monolayer. The electron transfer rate constant at pinhole defects is the same as that at the bare gold electrode; therefore, the redox couples can reach the gold surface through pinhole defects in the DMTD monolayer.
Characterization for the DMTD SAM by complex impedance analysis in the presence of Fe(CN)6 3-
The impedance method is based upon the measurement of the response of the electrochemical cell to a small amplitude alternating potential. The response is often shown in the complex impedance presentation and the results are interpreted in terms of an equivalent electrical circuit. So, the change in faradic impedance can be used to prove the presence of electroactive species at the electrode. of the semicircle at high frequency, is clearly greater than that of bare gold electrode due to an inhibition of the DMTD SAM to electrode transfer. This proves the presence of DMTD on the gold electrode. Figure 3 shows the linear-sweep voltammograms of the gold electrode covered with DMTD monolayer obtained in a copperfree phosphate buffer solution (curve a), and after a deposition step in a 8.0 × 10 -5 mol l -1 Cu(II) solution for 40 s (curve b). Successful incorporation of Cu(II) in the SAM-modified electrode surface is clearly evidenced by the presence of a welldefined anodic peak, which appears at the potential of about 0.26 V. The peak undoubtedly resulted from the Cu(II)-Cu redox transition, since a blank experiment (curve a) shows no signal over this potential range associated with the redox of predeposited copper when the electrodes were immersed in copper-free solution. Figure 3 also shows the stripping peak current of the bare gold electrode through a deposition step in a 8.0 × 10 -5 mol l -1 Cu(II) solution for 40 s (curve c). If one compares curve b with curve c, one can see that the stripping peak current response of the DMTD SAM electrode to Cu(II) was larger than that of the bare gold electrode. The response of the DMTD SAM electrode to Cu(II) should be attributed to the interaction between the DMTD self-assembled monolayer and Cu(II). DMTD is assembled on the gold electrode by the Au-thiolate linkage, leaving the nitrogen atoms, which are in the 3 and 4 sites free for complexation with Cu(II). The nitrogen atom is well known as excellent metal ion complexant group because of its lone pair electron. These experimental results indicate that the DMTD SAM electrode possessed strong complexing action and sorption, which could greatly improve the sensitivity for the determination of Cu(II). In this paper the anodic wave of Cu(II) was systematically studied by anodic stripping voltammetry.
Electrochemical response of Cu(II) at the DMTD SAM electrode
Effects of pH on the peak current of Cu(II)
The effects of solution pH on the preconcentration and on the detection of complexed copper were investigated and the results are shown in Fig. 4 . During the deposition step, the peak current increases with increasing pH from 2.6 to 4.6 and then decreases from 4.6 to 6.2. Thus, a pH 4.6 phosphate buffer was taken as the supporting electrolyte. At a lower pH, the complexation between Cu(II) and DMTD was inhibited because the nitrogen of DMTD was protonated. Once the protonation of DMTD occurred, it was difficult to form a complex between Cu(II) and DMTD. At the higher pH, the low response of the DMTD SAM electrode can be ascribed to the hydrolysis of Cu(II). For the stripping step, the peak current increased with solution pH changing from 2.6 to 5.0, and reached a maximum value at pH 5.0. When the solution pH was further increased, the peak current decreased. Therefore, the pH value of 5.0 was selected for further studies in the stripping step.
Effects of deposition potential on the peak current of Cu(II)
The dependence of the anodic stripping peak current on the accumulation potential was examined over the potential range of 0.2 V to -1.2 V, and the results are shown in Fig. 5 . This figure indicates that the maximum response for copper occurs at the potential of, or more negative than, -0.6 V. Therefore, -0.6 V was chosen as the accumulation potential in our measurement.
Effect of deposition time on the peak current of Cu(II)
The effect of the anodic stripping peak current on the deposition time for 8.0 × 10 -5 mol l -1 Cu(II) is shown in Fig. 6 . The peak current increased with increasing deposition time, indicating an enhancement of Cu(II) concentration at the surface 1081 ANALYTICAL SCIENCES AUGUST 2006, VOL. 22 of the SAM electrode. When the deposition time exceeded 40 s, the peak current became constant. Hence for all subsequent measurements, a deposition time of 40 s was employed.
Calibration plot and detection limit
According to the optimum experimental conditions and the procedure described above, the relationship between the stripping peak current and the Cu(II) concentration was examined. The dependence of the current response on the concentration of Cu(II) was linear in the range of 8. and the correlation coefficient was 0.9978. The detection limit (three-times signal to noise) was 4.0 × 10 -7 mol l -1 .
Stability of the DMTD SAM electrode
The modified electrode showed a good reproducibility and has a long life. The relative standard deviations for eight successive determinations were 4.3 and 2.9% for 1.0 × 10 -5 and 2.0 × 10 -5 mol l -1 Cu(II), respectively. The relative error of peak current values was in the limit of 3.0% after placing the electrode in a phosphate buffer of pH 5.0 for 1 month. The results indicated that the electrode had a high stability.
Tolerance of foreign substances
The influence of various foreign species on the determination of 5.0 × 10 -5 mol l -1 Cu(II) was investigated. The tolerable limit of a foreign substance was taken as a relative error not greater than ±5%. The tolerated ratio of foreign substance to 5.0 × 10 
Analytical application
The tap water was used as the sample of Cu(II) solution. The different concentrations of Cu(II) solution were acquired by adding standard Cu(II) solutions. The determination results of Cu(II) are listed in Table 1 , in which the original concentration was obtained by determining the tap water with the modified electrode directly. The recoveries to sample solutions of different concentrations were between 96.3 and 101.2%. The Cu(II) concentration of tap water was also determined by atomic emission spectrometry (AES). The result was 0.188 × 10 -5 mol l -1 , which was quite close to the value obtained by the proposed method. ; deposition, pH 4.6; stripping, pH 5.0; deposition potential, -0.6 V. .
